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Our ability to understand and tailor metal-organic interfaces is mandatory to functionalize or-
ganic complexes for next generation electronic and spintronic devices. For magnetic data storage
applications, metal-carrying organic molecules, so called single molecular magnets (SMM) are of
particular interest as they yield the possibility to store information on the molecular scale. In this
work, we focus on the adsorption properties of the prototypical SMM Sc3N@C80 grown in a mono-
layer film on the Ag(111) substrate. We provide clear evidence of a pyramidal distortion of the
otherwise planar Sc3N core inside the carbon cage upon the adsorption on the Ag(111) surface.
This adsorption induced structural change of the Sc3N@C80 molecule can be correlated to a charge
transfer from the substrate into the lowest unoccupied molecular orbital of Sc3N@C80, which sig-
nificantly alters the charge density of the fullerene core. Our comprehensive characterization of the
Sc3N@C80-Ag(111) interface hence reveals an indirect coupling mechanism between the Sc3N core
of the fullerene molecule and the noble metal surface mediated via an interfacial charge transfer.
Our work shows that such an indirect coupling between the encapsulated metal centers of SMM
and metal surfaces can strongly affect the geometric structure of the metallic centers and thereby
potentially also alters the magnetic properties of SMMs on surfaces.
I. INTRODUCTION
One of the great goals for future information technol-
ogy is to develop new concepts to improve the speed and
density of data storage applications for next generation
spintronic devices. A highly promising approach to re-
duce the size of the individual data storage units down
to the nanometer scale is to encode the information into
the spin system of metal-carrying molecules, so called
single molecular magnets (SMMs)1,2. These molecular
complexes possess the ability to retain magnetic order
even without magnetic field for a considerable time at
low sample temperatures3–5 making them highly inter-
esting materials for short time storage applications.
In most SMMs, the metal core is encapsulated by an
extensive organic ligand system shielding the spin cen-
ters from direct interaction with its surrounding6. This
prevents a modification of the magnetic moments of the
spin centers due to chemical bonding with an underly-
ing surface and protects the spin system against external
contaminations such as oxidation. In this regard, en-
dohedral fullerenes7,8 are ideal model systems for SMM
as they have the capability not only to encapsulate sin-
gle magnetic rare-earth atoms, but also small clusters of
several metallic centers. This chemical flexibility allows
one to tune the spin structure of the SMM according to
the desired functionality.
Motivated by this opportunity, countless investigations
were devoted to study and understand the intrinsic mag-
netic properties of SMMs in bulk-like molecular films
(Ref.9 and references therein). Only recently, the focus
shifted towards monolayer films of SMM and endohedral
fullerenes on ferromagnetic and noble metal surfaces10–17.
One of the most frequently studied endohedral fullerene
complexes on surfaces are tri-metallic nitride fullerenes
(Me3N@C80) consisting of a very robust C80 carbon
cage which encapsulates three metal (Me) atoms coor-
dinated to a central nitrogen (N) atom. These fullerene
based SMMs arrange in long range ordered structures
on noble metal surfaces and reveal magnetic ordering
at low temperatures in zero field. Moreover, on ferro-
magnetic surfaces, an indirect carbon-cage-mediated ex-
change coupling of the metallic spin centers and the mag-
netic moments of the surface atoms was reported leading
to the existence of electronically inequivalent metal cen-
ters within the fullerene cage13. These results clearly
suggest that the magnetic properties of the spin centers
of fullerene based SMMs on surfaces are influenced by
the chemical interaction occurring at the metal-SMM in-
terface, despite their protection by the fullerene cage.
For this reason, we turn to the prototypical metal-
SMM interface formed between the SMM Sc3N@C80
and the noble metal surface Ag(111) and investigate
adsorption induced modifications of the geometric and
electronic properties of the SMM and its encapsulated
metal centers. This member of the family of Me3N@C80
fullerene molecules is particular interesting since the
wave function of its lowest unoccupied molecular orbital
2(LUMO) is located not only at the carbon cage as it is ex-
pected for most endohedral fullerene molecules, but also
at the Sc3N core18,19. This is due to the large electroneg-
ativity of the Sc atoms with respect to other metal center
such as yttrium or lanthanide atoms which are frequently
found in tri-metallic nitride fullerenes. In addition, the
Sc3N group is located in the center of the fullerene cage
in the gas phase with all four atoms located in a single
plane20. This planar geometry inside the carbon cage
is sterically and energetically favored due to the small
ionic radius of the Sc3+ centers of the Sc3N group20,21.
On a surface, these geometric and electronic properties
of the Sc3N core can be monitored to identify a potential
modification of the fullerene core by the molecule-surface
interaction.
For our comprehensive characterization of the interfa-
cial properties, we employ low energy electron diffraction
(LEED), photoelectron spectroscopy (PES) and the nor-
mal incidence X-ray standing wave (NIXSW) technique.
Similar to other Me3N@C80 complexes on noble metal
surfaces, Sc3N@C80 grows in islands of a long range or-
dered structure in the (sub-) monolayer coverage regime
on Ag(111). We observe a clear pyramidal distortion of
the otherwise planar Sc3N core with two chemically in-
equivalent Sc species located below the N atom. This
geometric modification of the Sc3N@C80 complex coin-
cides with an interfacial charge transfer from the sub-
strate into the Sc3N core. We hence propose that the
observed geometric modification of the Sc3N core is the
result of the modified charge density inside the fullerene
cage and the increased ionic radius of the Sc centers.
These findings clearly underline the important role of the
molecule-surface bonding for the geometric and the elec-
tronic, and therefore also for the magnetic properties of
SMMs on surfaces.
II. EXPERIMENTAL DETAILS
A. Sample Preparation
All experiments and the sample preparation were car-
ried out under ultra-high vacuum condition with a base
pressure better than 5*10−10mbar. The surface of the
Ag(111) single crystal was prepared by repeated cy-
cles of argon ion sputtering (EIon = 0.5 keV − 1.5 keV,
Isample = 8.0µA) and thermal annealing up to 730K for
20min. The surface cleanness was confirmed either by
the existence and line shape of the Shockley surface state
at the Γ¯-point of the surface Brillouin zone in valence
band photoemission or by the absence of characteristic
core level signals of surface contaminations using soft X-
ray photoemission. The Sc3N@C80 molecules (supplied
by SES Research, purity of 97%) were deposited onto
the clean surface at room temperature using a dedicated
thermal evaporation cell. The sublimation temperature
of the Sc3N@C80 molecules was 800K, the molecular cov-
erage was monitored by the deposition time and cali-
brated by core level spectroscopy of the C1s signal. We
used typical evaporation rates of ≈ 0.05 MLmin . The molec-
ular films were annealed at the multilayer desorption tem-
perature of Tsample = 720K for 10min. This ensures
the formation of a homogenous molecular film without
any molecules adsorption in the second molecular layer.
The sample quality was confirmed by LEED and core
level photoemission. All measurements were performed
with liquid helium cooling and a sample temperature of
Tsample = 30K. The sample temperature was estimated
from the increase of the Bragg energy when cooling the
sample from room temperature to low temperature and
the temperature dependent linear thermal expansion of
Ag22.
B. Normal Incidence X-ray Standing Waves
The normal incidence X-ray standing waves (NIXSW)
experiments were carried out at the Hard X-Ray Pho-
toemission (HAXPES) and X-ray standing wave (XSW)
end station of beamline I09 at the Diamond Light source
(Didcot, UK). This end station is equipped with a hemi-
spherical electron analyzer (Scienta EW4000 HAXPES)
which is mounted perpendicular to the incoming photon
beam. The angular acceptance of the electron analyzer
is ±30◦ and the energy resolution is 150meV using the
analyzer setting of the core level spectroscopy and the
NIXSW experiment (EPass = 100 eV, dSlit = 0.5mm).
The NIXSW method allows to determine the verti-
cal adsorption position of all chemically different atomic
species within an adsorbate system above a single crystal
substrate with very high precision (< 0.04Å). In the fol-
lowing, we briefly summarize the fundamental aspects of
this method. A more detailed introduction can be found
elsewhere23,24. For a photon energy fulfilling the Bragg
condition ~H = ~kH −~k0 for a Bragg reflection ~H = (hkl),
an X-ray standing wave field is formed by the interference
of the incoming ~E0 and the Bragg-reflected wave ~EH .
Scanning the photon energy through the Bragg condition
results in a shift of the phase ν of the relative complex
amplitude of the incoming and Bragg reflected wave by π.
As a consequence, the standing wave field shifts by half a
lattice spacing dhkl in the direction perpendicular to the
Bragg planes. This changes the photon density at any
specific position z above the surface as a function of the
photon energy. If an atom is located at this position z,
the changes in its X-ray absorption yield during this scan
can be monitored by recording the photoemission yield
I(E) of any of its core levels. The resulting experimental
yield curve I(E) can be modeled by23,24
I(E) = 1 +R(E) + 2
√
R(E) + FH cos (ν(E) − 2πPH),
(1)
where R(E) is the X-ray reflectivity of the Bragg re-
flection with its complex amplitude
√
R(E) and phase
ν(E). The actual fit parameters are the coherent posi-
tion PH and the coherent fraction FH. PH can be inter-
3FIG. 1: (a) LEED image recorded for the monolayer film of
Sc3N@C80 on Ag(111) at Ekin = 32.5 eV and Tsample = 30K.
The simulated diffraction pattern of our proposed structural
models are superimposed onto the LEED data as red (struc-
ture R9) and green (structure R15) spots. (b) Structural
model of the superstructure R9. The lattice of the R9 su-
perstructure is shown in red, the positions and dimensions of
the three Sc3N@C80 per unit cell are shown as colored circles.
preted as the average vertical position DH of an atomic
species above the nearest lattice plane of the correspond-
ing Bragg reflection H, which again is related to the true
adsorption height z. FH can be understood as a ver-
tical ordering parameter with values between 0 and 1.
FH = 0 indicates complete vertical disorder of the emit-
ting atomic species while for FH = 1 all emitters are
located at the same adsorption height corresponding to
PH.
III. RESULTS
A. Lateral Structure
We have investigated the growth behavior and the
lateral order of (sub-)monolayer films of Sc3N@C80
fullerenes on Ag(111) using LEED. At sub-monolayer
coverages, the Sc3N@C80 molecules form islands of the
long-range ordered monolayer structure. Increasing the
coverage to one closed layer or changing the sample tem-
perature from room temperature to 30K does not change
the lateral order of the molecular films. The correspond-
ing LEED pattern of the monolayer structure is shown
in Fig. 1(a). The diffraction spots are arranged in two
concentric rings with 24 spots in every ring. The molec-
ular arrangement of the Sc3N@C80 on Ag(111) can be
revealed by modelling the diffraction pattern. The best
agreement between the experiment and the calculated
diffraction pattern can be obtained for a superposition
of two different superstructures with the superstructure
matrices
(
5.38 −1.08
1.08 6.47
)
and
(
5.81 −0.36
1.79 6.70
)
. The su-
perstructure matrices express the relation between the
molecular lattice and the grid of the Ag(111) surface.
The simulated diffraction patterns of both superstruc-
tures are plotted onto the LEED data as red and green
circles in the right part of Fig. 1(a).
Both superstructures can be classified as non-
commensurate point-on-line superstructures. This is con-
sistent with the decreasing intensity of the diffraction
spots with increasing diffraction order. The lattice pa-
rameters of both structures are equivalent to those of
a commensurate 6 × 6 superstructure that is rotated
by 9◦ (structure R9, red spots in Fig. 1(a)) and 15◦
(structure R15, green spots in Fig. 1(a)) with respect
to the [1¯10]-direction of the substrate, respectively. For
one molecule per unit cell, this would correspond to
a nearest neighbor distance of 17.3Å which is signifi-
cantly larger than the intermolecular distances reported
for other Me3N@C80 molecules arranged in long range
ordered superstructure on noble metals10,13. Therefore,
we propose a more densely packed molecular superstruc-
ture with three structurally inequivalent molecules per
unit cell. A schematic real space model for such a struc-
ture is shown in Fig. 1(b) for the R9 superstructure. The
three Me3N@C80 molecules are shown as circles of differ-
ent color, the diameter of these circles corresponds to the
diameter of a free Me3N@C80 molecule. From our model,
we can estimate a nearest neighbor distance between two
molecules of ≈ 10.0Å which is almost identical to the
one reported for similar Me3N@C80 complexes on noble
metals10,13.
Note that the formation of large unit cells with three
molecules per unit cell as well as the existence of
more than one superstructure is not necessary surpris-
ing for endohedral fullerenes on noble metal surfaces.
Dy3N@C80 on Cu(111) also forms ordered structures
with two distinct azimuthal orientations and rather small
domain sizes with less than 30 molecules per domain10.
Both observations suggest that several adsorption config-
urations of the fullerene cage (adsorption site and rota-
tion of the carbon cage) on the surface lead to comparable
adsorption energies for the different adsorption configura-
tions and are hence energetically almost equivalent. We
therefore propose that the existence of three inequivalent
molecules per unit cell is due to three marginally different
adsorption configurations of the carbon cage (different ro-
tation, different part of the molecule pointing towards the
Ag(111) surface) with almost identical adsorption energy.
B. Core Level Spectroscopy
We now turn to the discussion of the core level spec-
troscopy data of a monolayer film of Sc3N@C80/Ag(111).
The core level spectra of the N 1s, Sc 2p and C 1s emission
lines were recorded in line with the NIXSW experiments,
and therefore with hard X-ray photons of ~ω = 2.644 keV.
This photon energy is slightly higher than the Bragg en-
ergy in order to avoid any influence of the spatially vary-
ing X-ray standing wave field on the spectral line shape
and intenstiy of the core level signals. Fig. 2(a) shows the
N 1s and Sc 2p core level spectrum. It is dominated by
three contributions: the Sc 2p3/2 core levels of two dif-
ferent species at EB = 400.7 eV and EB = 399.6 eV, the
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FIG. 2: Core level spectra of N 1s and Sc 2p emission (a), and C 1s emission (b), as obtained from a monolayer film of
Sc3N@C80/Ag(111). The energy scale was calibrated using the core level features of the Ag 3d bulk signal. The fitting model
of all individual species are shown as Gaussian curves underneath the experimental data shown as data points. The signal
of the photoemission background is described by three Gaussian curves to approximate the signature of the Ag 3d surface
plasmon25,26. The core level data are recorded using hard x-ray photons (~ω = 2.644 keV) and at 30K sample temperature.
(c) Angle resolved core level yield of the N and Sc species of Sc3N@C80. The emission angles are measured with respect to the
surface plane. The core level yield was extracted from the core level data using the dedicated fitting models shown in panel
(a). Solid lines are drawn to guide the eye. The inset illustrates the relation between the escape depth of the photoelectrons
and the emission angle.
N 1s core level at EB = 396.0 eV and the spectroscopic
signal of Ag 3d surface plasmons25,26 forming a photoe-
mission background as well as the well-defined peak at
EB = 393.7 eV. The spectral shape of the Ag 3d surface
plasmons matches well with a recent NIXSW study by
Stadler et al.25 and is consequently modeled by a similar
fitting model with two Gaussian curves.
The most striking observation in the Sc core level data
is the presence of two chemically inequivalent species
of Sc 2p3/2. This has not been observed for bulk-like
Sc3N@C80 films20,27 despite the existence of two geomet-
rically (and hence chemically) different Sc species within
the molecular cage. This finding points to a surface en-
hanced splitting of both inequivalent Sc centers within
the endohedral fullerene on the Ag(111) surface. To
quantify the spectral line shape of the Sc core levels,
we employ the fitting model shown in Fig. 2 (a). The
two chemically inequivalent Sc signals are modeled by
Gaussian curves of identical full width at half maximum
(FWHM). We find a considerable chemical shift between
both Sc species of ∆EB = 1.0 eV and a relative ratio of
both species of ≈ 2 : 1, determined from the relative in-
tensity of the corresponding photoemission lines. Note
that an additional Gaussian curve at EB = 402.0 eV is
necessary to describe the line shape of the Sc 2p3/2 signal
at its high binding energy side. This feature is attributed
to a spectroscopic signal of the Ag(111) substrate since it
reveals the characteristic signature of an Ag bulk species
in the NIXSW analysis (i.e. same vertical position and
same degree of vertical order). However, the microscopic
origin of this additional Ag bulk species could not be
determined so far.
The C1s photoemission spectrum is shown in Fig. 2(b).
It is dominated by a main emission line at EB,1 =
284.2 eV with a long flat electron energy loss tail at larger
binding energies. Moreover, we find an additional peak
at EB,2 = 288.2 eV which could either be due to carbon
atoms in direct contact with the Ag(111) surface or due
to carbon atoms of the fullerene cage interacting directly
with the Sc atoms inside the cage. A quantitative anal-
ysis of the C 1s spectrum reveals a relative peak area of
3 : 72 between the additional peak and the main line.
An energetic shift of 4 eV favors the stronger interaction
between C and Sc atoms, which are much closer than
the Ag atoms. Although these results do not allow an
unambiguous assignment of the second carbon peak to a
particular carbon species within the molecule, this ratio
favors the second model, i.e., the second carbon peak is
most likely caused by carbon atoms in direct vicinity of
the Sc centers.
For the Sc 2p and the N 1s core level lines, additional
angle resolved core level spectroscopy data were acquired
using the angle-resolved detection mode of the hemi-
spherical analyzer with an angular acceptance of ±30◦.
The angle resolved core level data were recorded in a
fixed experimental geometry with an almost normal in-
cidence of light onto the sample surface and an angle
of 90◦ between analyzer axis and direction of incoming
synchrotron beam. The angle-resolved core level spectra
were analyzed using the fitting model discussed above
(see Fig. 2(a)); the total yield of each chemically differ-
ent species is shown in Fig. 2(c) as function of the emis-
sion angle. Starting from grazing emission (0◦), we first
observe an increase in the photoemission yield of the N
51s signal with maximum intensity at an emission angle
of 13◦ followed by a decrease in photoemission intensity
for larger angles. The initial increase in photoemission in-
tensity towards larger emission angles with respect to the
surface plain (i.e. towards normal emission geometry) is
the result of the limited mean free path of photoelectrons
in organic materials28 and the different effective escape
depth of photoelectrons for different emission angles as
illustrated in the inset of Fig. 2(c). On the other hand,
the decrease in photoemission intensity for larger angles
is caused by the reduced sensitivity (reduced transmis-
sion) of the photoemission detector for large detection an-
gles. A similar angle-dependent photoemission signal was
found for both chemically inequivalent Sc 2p species with
maximum photoemission yield at a slightly larger angle
of 18◦, i.e., closer to normal emission. These findings can
be understood when considering the limited mean free
path of photoelectrons and the high surface sensitivity of
photoelectron spectroscopy in grazing emission geometry.
The atomic species closest to the last surface layer will
reveal the strongest photoemission signal at small emis-
sion angle with respect to the surface plane. In case of
Sc3N@C80, these are the N atoms. Therefore, our anal-
ysis of the angle-resolved core level spectroscopy data
allows us to draw two conclusions: (i) The N atoms are
located above the Sc atoms. (ii) Both Sc species are lo-
cated at roughly the same adsorption height. These con-
clusions will be vital for the interpretation of our NIXSW
data.
C. Vertical Adsorption Configuration
In this section, we focus on the results of the NIXSW
experiments. Typical photoemission yield curves for each
species are shown in Fig. 3. They were obtained by anal-
ysis of the N 1s, C 1s and Sc 2p core level signals using
the fitting models discussed above. This is only possible
since these models were developed for core level spectra
recorded with a very similar photon energy. Hence, the
corresponding spectra reveal an identical satellite struc-
ture and a comparabile background signal as the core
level spectra recorded during of the NIXSW scans. The
uncertainty of each point was estimated by a Monte Carlo
error analysis implemented in CasaXPS,29–31 the soft-
ware we used for fitting the core level spectra. They are
usually smaller than 10% and are omitted in Fig. 3 for
clarity. The yield curves were analyzed with the NIXSW
analysis software TORRICELLI29,30 resulting in the fit-
ting parameters coherent position PH and coherent frac-
tion FH. During the experiment, NIXSW scans have been
recorded for each species on several positions of the sam-
ple. The fitting results of all individual scans are shown
as colored data points in the Argand diagram in Fig. 4(a),
the averaged fitting parameters are summarized in ta-
ble I.
We start our discussion with the carbon species. We
find an average coherent fraction of FH = 0.42 and an
average coherent position of PH = 0.15. The low coher-
ent fraction for the total carbon yield is not surprising
when considering the 3D nature of the carbon cage and
the large number of carbon atoms of the C80 cage. It can
even be estimated for an undistorted Sc3N@C80 molecule
by averaging the vertical adsorption position of the in-
dividual carbon atoms of the C80 cage in the Argand
diagram32,33. This is illustrated in Fig. 4(b) for a small
number of (carbon) atoms. The individual contribution
of each carbon atom to the overall NIXSW signal can be
represented by a vector Zj(PH(zj),FH) = FHe2piiP
H(zj)
in the Argand diagram; zj is the vertical position of
the jth carbon atom as obtained from density functional
theory34 and FH is the coherent fraction of a single atom,
i.e., FH = 1 . The coherent fraction FH of the en-
tire C80 cage is obtained by the vector sum of all vec-
tors Zj(PH(zj),FH), normalized to the number of carbon
atoms of the C80 cage. Using this formalism, we find a
coherent fraction of FH = 0.19 which is even smaller com-
pared to the experimental value of FH = 0.42. At first
glance, this discrepancy could be explained by a vertical
distortion of the carbon cage of the Sc3N@C80 molecule
upon its adsorption on the Ag(111) surface. However,
a precise quantification of the vertical distortion is chal-
lenging. We only find smaller coherent fractions when
considering a linear vertical stretching or compression of
the C80 cage in our model simulations. This suggests that
the undistorted carbon cage shows the highest vertical or-
der with respect to the standing waves field. Along these
lines, we also expect only marginal and non-uniform ver-
tical distortion of the carbon cage due to the rather large
FH obtained in our experiment.
Using our model simulations for the undistorted
Sc3N@C80 molecule, we only find one physically mean-
ingful vertical adsorption position of the carbon cage
above the surface. It is schematically illustrated in our
vertical adsorption model in Fig. 5 where the positions
of the center of mass of the individual carbon cage atoms
are represented by a blue ring. The center of mass of the
carbon cage is located at z= (6.27 ± 0.12)Å above the
Ag surface, the carbon atoms closest to the surface at
z= (2.18±0.12)Å. This agrees well with previous findings
for other fullerenes on noble metal surfaces35,36. The dis-
tance between the lower part of the carbon cage and the
silver surface is significantly smaller than the sum of the
van der Waals radii of carbon (indicated by the outer dot-
ted blue circle in Fig. 5) and silver and even smaller than
typical bonding distances between planar carbon based
organic molecules and the silver surface37–39. These find-
ings point to a chemical interaction between the fullerene
molecule and the Ag(111) surface.
For the N atoms, we observe an average coherent frac-
tion of FH ≈ 1 pointing to a single adsorption height
of all N atoms within the carbon cage despite the ex-
istence of three inequivalent molecules per unit cell. In
contrast to the high FH obtained for N1s we find coher-
ent fractions for both Sc species of FHspecies1 = 0.71 and
FHspecies2 = 0.76, pointing to a certain degree of verti-
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FIG. 3: Exemplary partial yield curves of single NIXSW scans for all distinguished species. The yield curves were generated
from the core level data using dedicated fitting models shown in Fig. 2. The solid lines represent the best fit to the data
obtained with TORRICELLI29,30.
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FIG. 4: (a) Argand diagram illustrating the NIXSW fitting results for each individual NIXSW scan (colored circles) and the
mean values of all scans for each species (colored line). Coherent positions PH and fractions FH are represented by the polar
angle and the vector length, respectively. The color code is identical to that used for the yield curves (Fig. 3). (b) Schematic
illustration of our model simulations to estimate PH and FH of the carbon cage by adding up the contributions of the individual
carbon atoms of the C80 cage in the Argand diagram. For clarity, we only show three arbitrarily chosen carbon atoms at three
different adsorption heights.
cal disorder in the adsorption height of both Sc species
within the carbon cage. The latter could be attributed to
the existence of three inequivalent molecules per unit cell
and hence to the existence of different vertical positions
of the Sc atoms for the individual molecules of the unit
cell. This suggests that the Sc atoms are more sensitive
to the local environment of the Sc3N@C80 molecules than
the N atoms. The coherent position of both Sc species is
almost identical for both chemically different Sc species
and we find a value of PHspecies1/2 = 0.13/0.12. The latter
values are clearly different compared to PH of nitrogen
pointing to different vertical positions of both elements
within the carbon cage.
When calculating adsorption heights for N and both Sc
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FIG. 5: Structural models of the Sc3N@C80 molecule prior (a),(b) and after (c),(d) its adsorption on the Ag(111) surface. In
all cases, the carbon cage is illustrated schematically as a blue circle marking the center of mass of the carbon atoms of the
fullerene cage. The nitrogen atom is shown as a green ball (atomic radius rN,atomic = 0.65Å). The two chemically different
scandium species are shown as red and orange balls (ionic radius of the Sc3+-ion, rSc,ionic = 0.75Å21). The dashed green and
blue lines mark the dimensions of the van der Waals radius of N and of the carbon cage. The structural models in panels
(a) and (b) show a top view and a side view, respectively, onto the molecular geometry of a free Sc3N@C80 molecule in the
gas phase. Panel (c) and (d) represent models of the two possible vertical adsorption configurations of Sc3N@C80/Ag(111)
determined by NIXSW.
Species PH FH
C 1s 0.15 ± 0.05 0.42 ± 0.14
N 1s 0.72 ± 0.02 1.00 ± 0.03
Sc 2pspecies1 0.13 ± 0.01 0.71 ± 0.01
Sc 2pspecies2 0.12 ± 0.03 0.76 ± 0.05
TABLE I: Averages fitting results obtained by NIXSW for a
monolayer film of Sc3N@C80 on Ag(111) at Tsample = 30K.
species from the coherent positions, one has to consider
that PH only determines the vertical position DH of an
atom with respect to the lattice plane below. The real
adsorption height z of each chemically different species is
calculated by
z = (n+ PH)× dhkl, (2)
where n is the number of the lattice planes between the
surface and the adsorbed atom above the surface. For
planar molecules on surfaces, usually only one value of
n results in physically meaningful adsorption height and
PH can be directly converted into an adsorption height
z. This is more challenging for non-planar 3D molecules
such as Sc3N@C80, which are significantly larger than the
distance between two neighboring lattice planes of the
Ag(111) surface (dhkl = 2.35Å at 30K). However, in the
following we show that we can still unambiguously reveal
the most significantly adsorption induced modifications
of the Sc3N@C80 molecule and can propose a vertical
adsorption configuration for the Sc3N core within the C80
fullerene cage on Ag(111).
Prior to the adsorption on Ag(111), the tri-metallic
nitrite group is found in the center of mass of the al-
most spherical carbon cage with all four atoms located
in one plane. This is illustrated by top and side views
shown in Fig. 5(a),(b) for the free molecule. As already
pointed out above, the experimentally obtained coherent
position PH of the carbon cage can only be converted
into one meaningful vertical position of the carbon cage
with its center of mass located at z= (6.27±0.12)Å above
the Ag surface. In contrast, we obtain several possible
vertical adsorption positions for the nitrogen and scan-
dium atoms within the carbon cage. Two vertical adsorp-
tion models consistent with our angle resolved core level
data (both Sc species are located below the N atom, see
above) are shown in Fig. 5(c) and (d). The correspond-
ing vertical positions of all chemically different species of
both models A and B are summarized in table II. How-
ever, only model A (Fig. 5(c)) fulfills the sterical require-
ments of the Sc3N core within the carbon cage. In model
B, the position of the N atom is too close to the car-
bon atoms of the C80 cage leading to an overlap of the
non-interacting van der Waals radii of N and C (dashed
green and blue circles). Therefore, we will only continue
our discussion with model A. In this geometry, the N
atoms are located 0.13Å above the center of mass of the
carbon cage and are hence only slightly displaced from
their position in the free molecule, i.e., from the center
of the molecule. This is perfectly in line with recent in-
vestigations of other endohedral fullerene molecules on
noble metal surfaces, which reported adsorption config-
urations with the N atoms located approximately in the
center of the carbon cage10,11. On the other hand, the
Sc atoms are found at an average adsorption height of
≈ 1.4Å below the N atom, i.e., in the lower half of the
carbon cage leading to an overall pyramidal distortion
of the Sc3N core upon the adsorption of the Sc3N@C80
molecule on Ag(111). Such a transition from the planar
geometry of the Sc3N in the gas phase to a pyramidal
distorted geometry on Ag(111) is highly intriguing when
considering the geometries of tri-metallic nitride cores for
different Me3N@C80 complexes21. A planar geometry is
8Species model A [Å] model B [Å]
C 1s 6.27 ± 0.12 6.27 ± 0.12
N 1s 6.40 ± 0.04 8.75 ± 0.04
Sc 2pspecies1 5.00 ± 0.07 7.35 ± 0.07
Sc 2pspecies2 4.99 ± 0.02 7.34 ± 0.02
TABLE II: Adsorption heights of all chemically different
species of Sc3N@C80/Ag(111) for both adsorption geometry
models A and B shown in Fig 5.
usually found for endohedral fullerene complexes contain-
ing metal centers with small ionic radius20,40,41 (such as
Sc or Lu), while complexes with larger ionic centers42,43
(such as Tb or Gd) reveal a pyramidal distortion of the
encaged tri-metallic nitride group. The transition from
a planar to a pyramidal geometry of the Me3N core was
attributed to the different size of the ionic radii of the
metallic centers and the resulting sterical requirements
of the Me3N group within the C80 cage. In the following,
we will discuss the origin of this phenomena.
D. Valence Band Structure
In order to gain insight into the origin of the adsorption
induced transition from a planar to a pyramidal geom-
etry of the Sc3N@C80 core on the Ag(111) surface, we
investigate the electronic valence band structure of the
Sc3N@C80/Ag(111) interface using photoelectron spec-
troscopy. The PES spectrum of a monolayer film of
Sc3N@C80 is shown in the lower part of Fig. 6, the one
of a bulk-like multilayer film in the upper part for com-
parison. The multilayer spectrum is dominated by four
rather narrow peaks that can be assigned to the high-
est occupied molecular orbital (HOMO, H in Fig. 6) at
EB = 1.7 eV as well as to the energetically lower lying
orbitals HOMO-1 (H-1), HOMO-2 (H-2) and HOMO-3
(H-3) at larger binding energies27.
The PES spectrum of the Sc3N@C80 monolayer film
closely resembles the spectrum of the multilayer film in
the binding energy range between 1.5 and 3.5 eV. All
spectroscopic signatures of the four HOMO levels are
found at almost identical binding energy positions as
for the multilayer film and only reveal a marginal line
shape broadening. The change in intensity is caused by
the interaction of the molecule with the surface. In ad-
dition, the monolayer spectrum reveals a new state at
EB = 1.0 eV (blue curve, L) which can be attributed to
an adsorption induced state caused by the interaction
between Sc3N@C80 and the silver surface. Most notice-
able, the spectrum of the Sc3N@C80 monolayer film on
Ag(111) is very similar to the one of a potassium (K)
doped Sc3N@C80 multilayer film on an Au(110) single
crystalline surface27. In the latter case, a similar spec-
troscopic feature emerges at EB ≈ (EHOMO − 0.5 eV) at
moderate K doping concentration. This new state was
assigned to the former LUMO which becomes occupied
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FIG. 6: Angle integrated valence band spectrum of the
Sc3N@C80-Ag(111) interface (lower part) and of a Sc3N@C80
multilayer film on the Ag(111) surface (upper part). The spec-
tral line shape was analyzed with a dedicated fitting model
shown as red and blue Gaussian curves underneath the exper-
imental data. The photoemission signal of the interface were
recorded with a photon energy of ~ω = 110 eV, the one of the
multilayer film with ~ω = 35 eV. Note that the valence band
spectrum of the multilayer film was recorded at the NanoEsca
endstation of the Elettra synchrotron (Trieste, Italy).
by the charge transfer from K to the Sc3N@C80 molecule.
Along these lines, we propose that the adsorption-
induced state of the Sc3N@C80-Ag(111) interface can also
be assigned to a LUMO derived interface state (LUMO-
split-off-state) which becomes populated due to an in-
terfacial charge transfer from the silver surface to the
molecule. Adsorption induced charge transfer processes
across molecule-metal interfaces are frequently observed
for organic molecules on noble metal surfaces such as
Ag(111) and Cu(111) and reflect the chemical charac-
ter of the molecule-surface bonding in these adsorbate
systems44–46.
IV. CONCLUSION
Our experimental findings for a long-range ordered
monolayer film of the metal-carrying Sc3N@C80 endo-
hedral fullerene on the Ag(111) surface reveal strong ad-
sorption induced modifications of the geometric and elec-
9tronic properties of the single molecular magnet on the
surface. Using the NIXSW technique, we observe a pyra-
midal distortion of the usually planar Sc3N core inside
the C80 cage. In addition, we find clear evidence for
an interfacial charge transfer from the substrate into the
LUMO of the Sc3N@C80 molecule. The pyramidal dis-
tortion of the Sc3N core can either be attributed to a
direct interaction between the Sc3N core and the silver
surface or to an indirect coupling mediated by the car-
bon cage. A direct interaction between the Sc3N core and
the surface is unlikely due to the robustness of the carbon
cage which remains largely unaffected by the adsorption
on the Ag(111) surface. Moreover, a direct coupling be-
tween the silver surface and the encaged Sc3N core would
most certainly not only reduce the adsorption height of
the Sc atoms but also that of the N atom. However, the
latter species is even pushed way from the interface (i.e.,
from the center of mass of the carbon cage) by the in-
teraction of the endohedral fullerene with the Ag(111)
surface.
Instead, we propose that the pyramidal distortion of
the core is caused by an indirect Sc3N-surface interac-
tion medicated by the carbon cage. The most strik-
ing evidence for such an indirect coupling is the inter-
facial charge transfer from the surface into the LUMO-
derived split-off-state that was observed in our photo-
electron spectroscopy data. As already discussed above,
the wave function of the LUMO of the free Sc3N@C80
molecule is not only located at the carbon cage, but also
at the Sc3N core18,19,47. In this way, the population of
the LUMO significantly affects the electron density of the
tri-metallic nitride core and hence modifies the electronic
configuration of the encaged Sc3+-ions. This additional
charge density on the Sc sites leads to an increase of the
ionic radii of the Sc atoms which alters the steric require-
ments of the Sc3N group within the cage. As a result, the
Sc3N core is transformed from its planar gas phase ge-
ometry into the energetically more favorable pyramidal
configuration upon its adsorption on Ag(111). A simi-
lar transition from a planar to a pyramidal configuration
of the Me3N core within a C80 cage has already been
observed for bulk-like films when increasing the size of
the metal centers20,21,40–43. Additionally, the pyramidal
distortion of the Sc3N core could result in different posi-
tions of the Sc atoms with respect to the carbon cage and
hence in the surface-enhanced difference in the chemical
environment of the two chemically inequivalent Sc species
observed in core level spectroscopy.
In conclusion, our comprehensive investigation of the
geometric and electronic properties of the Sc3N@C80 -
Ag(111) interface provides substantial evidence that the
tri-metallic nitride core of endohedral fullerene molecules
on surfaces is not completely shielded from the environ-
ment, i.e., the underlying surface. In particular, the
chemical interaction between the C80 carbon cage and the
noble metal surface can result in an indirect interaction
between the surface and the Sc3N core via a carbon cage
which can severely alter the geometric, electronic and po-
tentially also the magnetic properties of the encapsulated
metal centers. It leads to a pyramidal distortion of the
otherwise planar Sc3N core. Hence, this type of indirect
coupling mechanism must be considered when designing
metal carrying fullerene complexes as single molecular
magnets with dedicated functionalities. This is particu-
larly important in case the most frontier orbitals are lo-
cated at the metallic spin-centers as demonstrated here
for the endohedral fullerene Sc3N@C80 on Ag(111). On
the other hand, the coupling might also provide an in-
triguing tool to manipulate the magnetic properties of
the molecular units via spinterface effects48.
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